Recent molecular studies have shown that in a patient with Duchenne muscular dystrophy (DMD) Kobe, the size of exon 19 of the dystrophin gene was reduced to 36 bp due to the deletion of 52 bp out of 88 bp of the exon. The consensus sequences at the 5' and 3' splice sites of exon 19 were unaltered (Matsuo, M., et al. 1990. Biochem. Biophys. Res. Commun. 170:963-967). To further elucidate the molecular nature of the defect, we examined the primary structure of cytoplasmic dystrophin mRNA of the DMD Kobe patient across the junctions of exons 18, 19, and 20 by gel electrophoresis and sequencing of polymerase chain reaction-amplified cDNA. The mRNA coding for dystrophin was reverse transcribed using random primers, and the cDNA was then enzymatically amplified in vitro. The targeted fragment was smaller than expected from the genomic DNA analysis. By sequencing of the amplified product, we found that exon 18 was joined directly to exon 20, so that exon 19 was completely absent, suggesting that this exon was skipped during processing of the dystrophin mRNA precursor. All other bases in the amplified product were unaltered. Therefore, the data strongly suggest that the internal exon deletion generates an abnormally spliced mRNA in which the sequence of exon 18 is joined to the sequence of exon 20. We propose that the deletion is responsible for abnormal processing of the DMD Kobe allele. This finding has important implications regarding the determinants of a functional splice site. (J. Clin.
Introduction
Duchenne muscular dystrophy (DMD)' is a frequent (1 per 3,500 live male births), x-linked, fatal defect in the dystrophin gene, which is over 2,500 kb long. Dystrophin is encoded by a 14-kb RNA transcript that is processed from more than 70 exons. As a result, < 1% of the total gene is transcribed to ma-ture mRNA and the large amount of splicing that takes place during transcription probably contributes to the high levels of mutation whichlare observed (reviewed in references 1 and 2).
The splicing of mRNA precursors requires at least two conserved sequences at the ends of introns: the 5' splice-site consensus sequence 5'-CAG:GTAAGT-3' (where the colon denotes the site of cleavage and ligation) and the 3' splice-site consensus sequence CAG:G (3) . Additionally , as yet uncharacterized sequence elements in mRNA precursors are probably involved in the regulation of splicing. In vitro studies have shown that a relatively long adjacent exon sequence is required for efficient utilization of a splice site (4, 5) . Most naturally occurring mutations at 5' consensus sequences inactivate the authentic 5' splice-site and abolish normal splicing. Certain mutations cause an exon to be skipped during RNA splicing (6) (7) (8) . However, exon skipping due to a deletion mutation within a nonconsensus exon sequence has never been reported. Both the large size and the low abundance (0.01% of total muscle RNA) of dystrophin message make it very difficult to detect the transcript in diagnostic muscle biopsy samples by Northern hybridization (1) . In some patients at least, the message can be detected by in situ hybridization with a probe from the 5' end ofthe gene (9) . Unlike Northern blot analysis, which requires extensively purified, intact, or high molecular mass RNA, the polymerase chain reaction (PCR) requires only that the average molecular mass of the template mRNA should be slightly greater than the largest fragment amplified. Dystrophin mRNA, which is converted to cDNA by reverse transcriptase, can be detected not only in skeletal muscle but also in nonmuscular tissues by using PCR (10) . Furthermore, it is known that many isoforms ofdystrophin are present due to alternative splicing of the same precursor mRNA (1 1, 12) .
We have identified a 52-bp deletion near the 3' end of the exon 19 of the dystrophin gene in cells from a patient with DMD Kobe (13) . Because we anticipated that this mutation, like many others near to splice junctions (14) , might cause abnormal mRNA splicing, the primary structure ofdystrophin mRNA was analyzed by PCR amplification of cDNA. In this paper we demonstrate the exon skipping does indeed occur during splicing ofdystrophin mRNA precursor in DMD Kobe.
Methods
Case. The patient (A.N.) is a 16-yr-old Japanese boy. He was diagnosed as having DMD on the basis of high serum creatine kinase levels and electromyogram and muscle biopsy analyses when he was 5 yr old. He became wheelchair bound at the age of 10 and now needs respiratory support from an artificial ventilator. Peripheral blood DNA analysis was performed using PCR and sequencing ofthe amplified product. (15) .
skeletal muscle cDNA sequence [15] were used. To ascertain the presence of the dystrophin transcript, three fragments (M, II, and III) distributed over the dystrophin transcript were designated for amplification. The sequences of the oligonucleotide primers employed for this purpose (A, B, C, D, I, and J) and the sizes of the amplification products have been described elsewhere (12, 17) . The positions of the sequences corresponding to the oligonucleotide primers used are shown in Fig. 1 b. An aliquot (2 Ml) of doublestrand DNA dissolved in 10 M1 ofwater was added to a solution (total 20 Ml) containing 17 mM (NH4)2S04, 67 mM Tris-HCl (pH 8.8), 6 .7 mM MgCI2, 10 mM ,B-mercaptoethanol, 170 mg/ml BSA, 6.8 MM EDTA, all four dNTPs (each at 800MM), Thermus aquaticus DNA polymerase I (0.5 U) and two oligodeoxynucleotide primers (each at 1 MM) (18) . 35 cycles of PCR amplification were carried out on a DNA Thermal Cycler (Perkin-Elmer Cetus, Emeryville, CA) using the following conditions: initial denaturation at 940C for 7 min, subsequent denaturation at 940C for 0.5 min, annealing at 560C for0.5 min, and extension at 650C for 4 min. The final extension reaction was carried out at 650C for 7 min. An aliquot of amplified DNA was electrophoresed in a 3% agarose gel and stained with ethidium bromide along with low molecular size DNA standards (HaeIII digested Xl174 phage DNA) (New England Biolabs, Beverly, MA).
Analysis of heterogeneous mRNA. Certain mutations that inactivate a 5' splice site activate instead a cryptic splice site, causing heterogeneous mRNA to be produced (19, 20) . To detect any mRNA that might be produced by the activation of cryptic splice site, we used two oligonucleotide primers that were based on sequence of exon 19 (5'-GCCATAGAGCGAGAAAAAGCTGA-3';primerF)andcomplementary to exon 19 (5'-TCTGAACTTCTCAGCTTTTTCT-3'; primer G) (Fig. 1 b) . The amplification and detection methods were as described above. Trace amounts ofnormally spliced mRNA would be expected if normal splicing was not completely abolished (19, 20, 21) . To detect this, the region of the agarose gel to which this would have migrated after electrophoresis was cut out. Any DNA it contained was purified by using Gene Clean (Bio 101 Co., La Jolla, CA) and the amplification step repeated.
Sequencing of PCR products. The amplified DNA was extracted with phenol/chloroform, precipitated with ethanol, and dissolved in water. The 5' termini of the amplified fragments were phosphorylated with T4 polynucleotide kinase (Pharmacia Fine Chemicals, Piscataway, NJ) and subcloned into SmaI-digested pUCI 18 (Takara Shuzo
Co., Kyoto, Japan). The sequence of inserted DNA from three or four clones were determined by the Sanger dideoxy chain-termination method (22) using a Tth DNA sequencing kit (Toyobo Co., Osaka, Japan), and adenosine 5'-[a32p] triphosphate (Amersham). The products ofthe sequencing reactions were electrophoresed at 45 W through 6% polyacrylamide gels which were then dried and exposed to Fuji RX film overnight at room temperature.
Results
Since the genetic abnormality in DMD Kobe had been identified as a 52-bp deletion near the 5' splice site ofintron 19 (Fig. 1  a) , we considered it likely that the 5' splice site would be inactivated and that a cryptic splice site might be activated (3 Fig. 2 , the corresponding region was cut out from the gel and any DNA it contained was subjected to PCR amplification using the primers used to amplify fragment C. We again failed to detect an amplified 250-bp product (Fig. 3 a, lane 1) . This indicated the complete absence of normal splicing at the 5' splice site of intron 19.
Since activation of cryptic splice sites has been reported to result from inactivation of normal 5 The two amplified C fragments were sequenced to see whether the smaller size of the fragment amplified from DMD Kobe mRNA was indeed due to omission of exon 19. Amplified DMD Kobe cDNA was found to be completely devoid of exon 19, and to have exon 18 precisely joined to exon 20 (Fig.  4) . Thus, all 36 bp corresponding to the remnants ofexon 19 in the genomic DNA sequence were absent from the cDNA.
The translational reading frame of the resulting mRNA is thus shifted by two bases by the exon skipping, and a stop codon, TGA, appears at the 779th codon in exon 20. This confirms the previously proposed frame-shift explanation for the defect in DMD patients (23) . Analysis ofthe last 67 nucleotides ofexon 18 and the first 145 nucleotides ofexon 20 did not reveal any additional base changes. Since the internal exon deletion was the only change detected in the sequence of the mutant allele, it is extremely likely that the observed mutation is indeed responsible for skipping of exon 19 during posttranscriptional maturation of the primary transcript.
Discussion
It is well known that abnormal splicing of mRNA precursors can be induced by genomic DNA mutations in some inherited diseases (14) . We have previously reported that the dystrophin gene from a DMD Kobe patient has an intraexon deletion near 5' splice donor site ( Fig. 1) (13) . Gel electrophoretic analysis of PCR amplified cDNA and cDNA sequencing have now been used to examine the primary structure of dystrophin mRNA. Dystrophin transcripts could be readily detected in diagnostic muscle biopsy samples by amplifying cDNA that had been reverse transcribed using random hexanucleotide primers. We were able to detect four fragments distributed over the dystrophin cDNA, including its 5' and 3' ends (Fig. 2) . One ofthe four amplified products from DMD Kobe (fragment C) migrated abnormally upon agarose gel electrophoresis. The size of this fragment C, which should encompass the on of exons 18, 19, and 20, was smaller than expected (Fig. 2,lane 6) . DNA sequencing of the amplified product showed thate truncated exon 19 sequence (36 bp) was absent from the dystrophin mRNA (Fig. 4) . Thus, the splice site has been inactivated by the mutation without apparently activating a new splice site (Fig.  3) . This is the first time that a natural mutation within a nonconsensus exon sequence has been shown to cause exon skipping.
What causes the exon 19 skipping in DMD Kobe? Exon skipping resulting from genomic DNA mutations has been reported in some inherited diseases (14) . Mutations affecting either of the conserved sequences at the 5' donor and 3' acceptor sites, respectively, induce exon skipping. Most reported cases of exon skipping are due to a single base substitution that changes the universal AG dinucleotide at the 3' splice site ofthe intron (14) . Point mutations in the consensus sequence at the 5' splice donor site that lead to genetic disease are very rare (6) . Four mutations in the consensus-GTAAGT-heptanucleotide at the 5' end of intron sequences have been reported to induce skipping of the preceding exon, namely one in the phenylalanine hydroxylase gene (24) , one in the pro-a2(I) collagen gene (25) , one in the adenine phosphoribosyltransferase gene (26) , and one in the type III procollagen gene (8) . An A to G mutation at terminal nucleotide ofthe 5' splice donor site in the type III procollagen gene has been reported to activate cryptic splice sites located downstream from the normal splice site (8) . As far as we know, there are only two examples of mutations in the consensus 5'-CAG-3' trinucleotide at the 3' terminal end of exons which inactivate the 5' splice donor site. Grandchamp et al. reported that a G to A point mutation in the last position of exon 12 of the porphobilinogen deaminase gene leads to skipping of exon 12 in a case of acute intermittent porphyria (7) , and one case of,-thalassemia has been reported to be due to a G-C transversion at the last position of exon 1 that drastically reduces splicing at the normal 5' splice site (21) . We are not aware ofany other cases where mutations outside the splice site consensus sequences are known to induce exon skipping.
Southern hybridization analysis of genomic HindIII-digested DNA from the patient with DMD Kobe using pieces of full-length dystrophin cDNA as probes indicated the absence of restriction fragment polymorphism. Thus it is very unlikely that there is any other major rearrangement ofa genomic structure besides the deletion mutation within exon 19. This mutation is unlike any other mutation that has been reported to induce exon skipping (8, (24) (25) (26) . Although the mutated exon 19 has the same five nucleotides at its 3' terminal as the normal exon 19, the rest of its sequence is quite different. Therefore, it is highly plausible that exon skipping was induced by the intraexon deletion. Reed and Maniatis (27) have reported that different exon sequences can affect the efficiency of splice site selection in an in vitro cis competition assay. Nelson and Green (5) also reported that the sequence within an exon can affect the efficiency with which it is excised. The fact that the all-mRNA products from the mutant DMD Kobe allele lack exon 19 suggests that the truncated exon is disregarded by the splicing machinery. We think it likely that the partial deletion ofexon 19 prevents the recognition ofthe 5' splice site ofintron 19 because the truncated exon is too small or because it affects a cis-acting factor. This needs to be clarified by further studies, but it has important implications regarding the determinants of functional splice site.
More than 60% of patients with DMD/BMD (Becker muscular dystrophy) have a partial deletion ofthe dystrophin gene. Evidence to support the idea that the mRNA reading frame is shifted in cases of DMD due to partial gene deletion (23) has been obtained by Southern blot analysis of genomic DNA. However, some deletion mutations do not appear to alter the reading frame (28, 29) . The results ofgenomic DNA analysis of DMD Kobe showed that a 52-bp deletion within exon 19 should cause a frame shift that generates a translational termination signal at the 791st codon in exon 20 (13) . In this study on cDNA of DMD Kobe we showed that exon skipping occurred and that the termination signal is in fact located at the 779th codon in exon 20. This difference may explain the fact that the predicted reading frame shifts are not always observed in cases of DMD, since exon skipping could restore the correct reading frame to the (truncated) mature mRNA. Henceforth, mRNA analysis should be used to determine reading frame of dystrophin gene.
